poisoning and death of wildlife and domestic animals. 2 In humans MCs intoxication caused symptoms such as nausea/vomiting, weakness, skin irritation, and illnesses ranging from gastroenteritis and pneumonia to hepatoenteritis. 4 The most severe human intoxication happened in 1996 in Brazil, where 60 of 126 dialysis patients died of liver failure due to cyanobacterial contamination of the water used for dialysis. 5 Epidemiological studies have suggested that MCs are one of the risk factors for the high incidence of primary liver cancer in certain areas of China, where people have consumed pond-ditch water contaminated with cyanobacteria. 6 Although MCs accumulate predominantly in the liver, they have also been detected in other organs. 7, 8 Liver is the main target organ for MCs toxicity, because they are entering the cells through the multispecific transport system for bile acids 9, 10 and the predilection for hepatic damage by MCs thus probably depends on the high concentration of these transporters in the hepatocyte membrane. However, several in vitro studies showed that MCs exert toxic effects in different non-hepatic cell lines. Microcystin-LR induced toxic effects in epidermoid carcinoma cells (KB) 11 and apoptosis in human endothelial and epithelial cells and in rat fibroblasts and promyelocytes. 12 MCs are potent inhibitors of protein phosphatase 1 and 2A, leading to the increased protein phosphorylation, which is directly related to their cytotoxic and tumor-promoting activity. 13, 14 Apart from the inhibition of protein phosphatases, the oxidative stress also plays a significant role in the pathogenesis of microcystin toxicity. MCs can induce intracellular reactive oxygen species (ROS) formation, cell injury and lipid peroxidation. [15] [16] [17] [18] There is increasing evidence that MCs are also genotoxic. It has been reported that MCs induce DNA strand breaks in liver cells in vivo 19, 20 and in vitro. 21, 22 Several in vitro studies showed, that MCs induced DNA strand breaks also in different types of non-hepatic cells including baby hamster kidney cells, mouse embryo primary fibroblasts 23 and human peripheral lyphocytes. 24 In addition, they induced micronuclei formation and loss of heterozygosity in human lymphoblastoid TK6 cells, 25 and base substitution mutations at K-ras codon 12 in human RSa cells. 26 The aim of our study was to explore if a subchronic exposure of rats to a sublethal dose of microcystine-YR (MCYR) induces DNA strand breaks in different organs. The DNA damage was measured by single cell gel electrophoresis (SCGE), also called the comet assay, which is a very sensitive method for detecting DNA double-and single-strand breaks, alkali labile sites, DNA-DNA and DNA-protein cross links, and single-strand breaks associated with the incomplete excision repair. 27 The in vivo comet assay is being increasingly used in genotoxicity testing because of its applicability to various tissues and its sensitivity to low levels of DNA damage.
Materials and methods

Animals
Male Fischer F 344 rats weighing 200 to 250 g were housed in standard plastic cages with sawdust cover on the floor. They were maintained on a 12 h light-dark cycle (light on: 07.00-19.00 h) in a colony room controlled at 22-24°C, with free access to rodent pellets and tap water. The animals were maintained following the guidelines in the Slovenian Law for Animal Health Protection and Instructions for Granting Permission for Animal Experimentation for Scientific Purposes.
Toxin and experimental design
MCYR was isolated from cyanobacterial bloom (Microcystis aeruginosa) from an artificial recreational pond (Koseze, Ljubljana, Slovenia) according to the method of Harada et al., 28 as described previously. 3 The toxin was dissolved at a final concentration of 2.7 μg/ml in the vehicle solution of ethanol (0.8%) and methanol (0.2%) in physiological saline (0.9%).
The experimental rats (7 animals) were applied i.p. with 10 μg/kg b.w. MCYR in a volume of 3.7 ml/kg, every second day during the period of 30 days. The control group (4 animals) received 3.7 ml/kg i.p. vehicle (the mixture of ethanol and methanol dissolved in physiological saline). At the end of the experiment the animals were sacrificed using CO 2 anaesthesia. At sacrifice, blood, liver, kidneys (cortex and medulla were separated), lung, spleen and brain tissues were collected in order to proceed the comet assay as detailed below.
Cell isolation and preparation of single cell suspension
Blood was collected from jugular vein on heparin from anesthetized animals just before they were sacrificed. The lymphocytes were then isolated using Ficoll-Paque TM plus (Amersham Pharmacia Biotech AB, Sweden) and suspended in RPMI 1640 medium. The single cell suspensions of liver cells was prepared by liver perfusion with collagenase A as described. 29 The single cell suspensions from kidney (cortex and medulla were separated), lung (inferior lobe), spleen and brain (distal part) were prepared with a non-perfusion procedure using collagenase A. Briefly, partial tissue was cut from each isolated organ, washed twice with chilled PBS solution, gently cut in small pieces and incubated in the solution of 0,5 mg/ml collagenase A (Sigma) for 20 minutes. The cell suspension was then gently aspirated several times with the pipette and transferred into centrifuge tube with 2 ml Eagle's essential minimal medium (Sigma) containing 10% fetal bovine serum (FBS) to inactivate collagenase A. The cell suspension was then centrifuged for 10 minutes at 1000 rpm. The collagenase supernatant was removed and the precipitate was re-suspended in Eagle's essential minimal medium (Sigma) supplemented with 10% FBS. The viability of cells was assessed using trypan blue exclusion assay. 30 
Comet assay
The assay was performed as described by Singh et al. 31 30 μl of single cell suspension (≈ 400,000 cells/ml) was mixed with 70 μl of 1% low melting point agarose and added to fully frosted slides that had been covered with a layer of 1% normal melting point agarose. The cells were then lysed (2.5 M NaOH, pH 10, 0.1 M EDTA, 0.01 M Tris and 1% Triton X-100 for 1 hr at 4°C), rinsed with distilled water, placed in the electrophoresis solution (300 mM NaOH, 1mM EDTA, pH 13) for 20 minutes to allow DNA unwinding, and electrophoresed for 20 minutes at 25 V and 300 mA. Finally, the slides were neutralized with 0.4 M Tris buffer (pH 7.5), and the DNA stained with ethidium bromide (5 μg/ml). Two slides were prepared per tissue per animal and 50 randomly selected nuclei per slide were 
Statistical Analysis
One-way analysis of variance (ANOVA, Kruskal-Wallis) was used to analyze the differences between treated and control animals. A Dunnet test was used to compare mean values of % tail DNA; p<0.05 was considered as statistically significant.
Results
In this study we recorded DNA damage in liver, kidney medulla and cortex, lung, brain and spleen cells and in lymphocytes of rats that were treated with sublethal dose of MCYR (10 μg/kg b.w.; i.p) every second day during the period of 30 days. The control rats received the vehicle (mixture of 0.8% etanol and 0.2% methanol dissolved in 0.9% physiological saline). The control animals appeared healthy and free from pathological signs, while animals that have received MCYR appeared less active and the fur was less shiny, suggesting a systemic toxic effect. After sacrifice and autopsy, no macroscopic evidence of degenerative processes was observed in any of the experimental animals. The cell viability after the isolation from organs was found to be more than 80% in all animals (data not shown).
A significant increase of DNA damage in MCYR treated animals compared to the control was detected in liver, kidney medulla and cortex, lung and brain, while no DNA damage was detected in spleen and lymphocytes ( Figure 1 and Table 1 ). From the ratio between mean value of the % tail DNA of the cells from the treated animals and that of the control animals it can be seen that the highest level of DNA damage was induced in brain, followed by liver > kidney medulla > kidney cortex > lung ( Table 1) .
The data of the % tail DNA were further analyzed in terms of the distribution of single cells according to the extent of DNA damage in the whole population of analyzed cells from each organ (Figure 1) . The cells isolated from vehicle treated control animals had relatively uniform low DNA damage; however, the mean values of the percent comet tail DNA were different for different organs. The cells isolated from liver, kidney medulla, kidney cortex, lung and brain of the treated animals showed a heterogeneous distribution ranging from cells with low to cells with high DNA damage. The majority of the cells had higher % tail DNA compared to the distribution of % tail DNA in cells isolated from the corresponding organ of the control animals.
Discussion
Acute hepatotoxic effects of MCs are well explored, while their effects on other organs have been neglected for a long time because the acute hepatotoxic effects caused by lethal intoxication are dominant and sufficient to cause the death of the animals before effects on other organs can be observed. However, at sublethal chronic intoxication it seems reasonable to expect that MCs could cause effects also in other organs. Recently Milutinović et al. 32 reported that the chronic intoxication of rats with sublethal doses of microcystins MCLR and MCYR induced kidney injury.
In the present study we investigated the in vivo genotoxicity of MCYR in some organs and tissues of rats by measuring the DNA damage with the comet assay. The organs examined were liver, which is the target organ and kidney, lung, brain, spleen and lymphocytes which are considered as non-
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target organs. The results clearly showed that prolonged exposure of rats to sublethal dose of MCYR induced DNA damage not only in liver, but also in brain, kidney and lung cells. The observed DNA damage was most likely due to MCLY induced oxidative stress in affected organs. This assumption is based on: i) demonstration that the oxidative stress plays a significant role in the pathogenesis of chronic exposure to MCLR; 17 ii) reactive oxygen species (ROS) are known to induce DNA strand breaks, which can be readily detected with the comet assay and iii) MCLR induced DNA strand breaks in human hepatoma HepG2 cells were ROS mediated. 18 The acute exposure of rats to MCLR resulted in a decrease of the endogenous antioxidant defence system together with an increase of lipid peroxidation in liver and in kidney. 33 This supports the assumption that the DNA damage of liver and kidney cells we observed in our study was mediated by oxidative stress. The extent of DNA damage in liver cells was higher than in kidney cells, which is in line with the above mentioned study of Moreno et al., 33 who showed that antioxidant enzymes were significantly decreased in liver, while minor decrease was found in kidney, indicating different organ susceptibility to adverse effects of MCs.
An interesting finding of this study was the highest level of DNA damage in brain cells. The result corroborates recent results of Maidana et al. 34 who showed that intrahippocampal infusion of microcystin raw extract induced oxidative stress and DNA damage in cells isolated from hippocampus. The question is how MCs are transported through the body and absorbed by non hepatic tissue. Fisher et al. 35 reported that members of organic anion transporting polypeptide super family involved in MCs uptake (including the human OATP1A2 transporter) are expressed in liver and in endothelial cells of the bloodbrain barrier. This explains brain as the target of MCs toxicity. The low antioxidant and DNA repair capacity of the brain could be the explanation for the highest level of DNA damage in the brain. 36 MCYR induced DNA damage also in lung, however, little is known about the effects of MCs on lung. The only report we are aware of is by Gupta et al. 37 who found that in mice after the acute exposure to MCLR, MCRR and MCYR induced pulmonary inflammation, congestion and haemorrhage. Interestingly no DNA damage was observed in the haematopoietic system; spleen and lymphocytes. An in vitro study has shown that MCs induce DNA damage in human lymphocytes, 24 however, no in vivo study of the effects of MCs on lymphocytes is available.
In conclusion, the subchronic administration of sublethal dose of MCYR induced DNA strand breaks that were observed in brain liver, kidney, and lung confirming the genotoxic potential of this toxin. However, the correlation of these findings with carcinogenicity of MCs needs to be further investigated.
